A combination of loss properties of Periodic Segmented Waveguides and second order wavelength conversion processes is shown to exhibit features which allow to realize an adjustable optical power limiter using classical integrated optics technologies. Results of numerical simulations are presented to confirm the viability of the proposed approach using input and output power levels in the range involved in standard optical telecommunication systems.
Introduction
The possibility of performing all optical signal processing in systems of the new generation requires devices with advanced functionalities. Optical limiting is certainly one of these. Its importance is due not only to the fact that optical logic elements have become more and more attractive, but also to the fact that the increased power of optical sources and the widespread use of optical amplifiers has made power limiting or power controlling necessary.
Many mechanisms have been used so far to obtain such devices as shown, for example, in [1] [2] [3] [4] [5] [6] and references therein. Various materials, such as ferroelectric, semiconductor and organic ones, have been considered as well. The majority of the studied devices exploits third order non linear effects, which have, however, two main drawbacks. The former is related to the fact that this kind of non linear effects requires high optical intensities or materials with large Kerr coefficients, such as organic ones or PTS, DAN or Optimized Stilbene [7] . The latter comes as a consequence of the insertion of these devices in standard integrated optical circuits, which leads to hybrid and not monolithic solutions, with an impact in the overall device mechanical stability and the technological process.
In this paper we propose a different approach, able to solve both of these problems. It is still based on non linear effects, but of the second order type. As these effects can be easily generated in waveguides fabricated in substrates used in standard optical integrated circuits (mostly Lithium Niobate), this kind of optical limiter can be easily inserted in monolithic integrated optical devices. Moreover, limiting action is possible even with low power signals, overcoming one of the cited drawbacks of similar devices based on third order non linearities.
The use of second order non linear effects to obtain optical limiters had been previously proposed by Conti et al. [8] . In that case, the propagating beam was attenuated by coupling with a back propagating Second Harmonic (SH) signal generated in a suitable periodic structure. This, however, makes an in-line absorber necessary to eliminate such spectral component and avoid possible undesired effects in the whole optical system. In the device we propose, which will be illustrated in the next section together with its operating principles, light attenuation will be provided by the device itself, thus eliminating the need of that extra component. Preliminary numerical results will then be presented and discussed to show the viability of the approach. Finally, conclusions will be drawn.
The optical power limiting device
The optical limiter behavior we propose takes advantage of the combination of both linear and non linear effects on the propagating beam due to two different and independent periodicities. The device consists, in fact, in a Periodic Segmented Waveguides (PSW), a waveguide with longitudinally periodic characteristics [9] , fabricated on a periodically poled Lithium Niobate substrate, as sketched in figure 1 . The substrate crystal, with linear refractive index n s , is periodically poled with period Λ QP M . In this substrate, a PSW is diffused with period Λ P SW and refractive index of the guiding part equal to n g > n s . Fig. 1 . PSW of a period Λ P SW embedded in a χ (2) periodically poled substrate with period Λ QP M , being n s and n g the optical indices of the substrate and the guiding segments respectively such as n s < n g
To illustrate the working principle of this device, it is convenient to start considering the linear PSW alone. It has been shown in the past years that this kind of guides exhibits several interesting properties. For example, they have been used to fabricate tapers or mode filters [9] [10] [11] , taking advantage of the fact that the mode spot size and propagation constant depend on the Duty-Cycle (DC), defined as the ratio of the high index segment over the period Λ P SW . The PSW feature, which is of main interest for this paper, concerns the spectral behavior of the intrinsic losses, which depend on the waveguide opto-geometrical parameters. As shown by Weissman et al. [9] , in fact, the positions and the number of maxima and minima of attenuation can be tailored to specific needs by a proper choice of the waveguide parameters such as its period, width or depth, resulting in spectral attenuation plots with behavior similar to that reported in figure 2. Considering that plot, however, one can notice a peculiar feature that can be exploited for the realization of a power limiter based on χ (2) non linear effects. The values of the attenuation coefficient can be in fact very small (about 0.1 cm −1 ) for a wavelength (in this case λ = 1.6 µm) and sufficiently high (4.2 cm −1 ) for half that wavelength, in this case λ = 0.8 µm, i.e. at the double frequency. Moreover, different wavelengths and relevant attenuation values can be easily tailored, depending on specific purposes, by a proper design of the PSW geometrical characteristics [12] .
It comes then easy to imagine a power limiting effect related to the possibility of transferring part of the exceeding power from the almost lossless frequency to the double, lossy, one. This can be done taking advantage of second order non linear effects which can take place in periodically poled materials, i.e. materials in which the sign of the second order nonlinear coefficient χ changed with the period we have previously called Λ QP M . Letting k sh = 2π/λ sh the wave number of the Second Harmonic (SH) wave and k f = 2π/λ f that of the fundamental one, with wavelengths respectively equal to λ sh and λ f , if the condition
is satisfied, the periodic structure guarantees the fulfillment of the matching condition between the fundamental wave and its SH one. This means that a complete power transfer between them can be obtained. If exact phase matching cannot be achieved, efficient nonlinear wavelength conversion has been anyway obtained, in materials such as KT P or LiNbO 3 , using the Quasi Phase Matching (QPM) or Balanced Phase Matching (BPM) schemes [13, 14] . These results have been obtained considering modes propagating both in bulk materials [15] [16] [17] and in waveguides [18] realized in those substrates.
In conclusion, the power limiting action of the device illustrated in figure 1 can be achieved designing the linear PSW almost lossless for a given wavelength and lossy at half that wavelength. The required wavelength conversion, which transfers some power from the lossless frequency to the lossy one, can be obtained using a Second Harmonic Generation (SHG) process. To achieve a phase matching condition between the fundamental and the Second Harmonic wave, the periodic poling of the substrate can be used to guarantee the Quasi Phase Matching (QPM) condition, widely used in the guiding configuration [18] . Note that the efficiency of the wavelength conversion and the amount of losses in the device vary as a function of the optical power injected in the waveguide. The device will then act as an adjustable optical limiter since the increase of losses, and the relevant reduction of the output power, is a function of the input power. The possibility of using Lithium Niobate to fabricate such a device provides the further advantage of allowing simple integration of the limiter with other optical components with different functionality on the same substrate.
Results
This section reports the results of some numerical simulations, which confirm the viability of the proposed approach. Such a preliminary analysis has been developed using a 2D structure, which is certainly simpler to study, but is nevertheless a good approximation of the real 3D case. Full 3D modelling will be however required for the final device design. For simplicity, a TE polarization has also be assumed for the fields at the fundamental and second harmonic frequencies. Using the classical assumption of the slowly envelope variation and neglecting backward propagating waves, the coupled parabolic wave equations representing the evolution of the two fields in a planar PSW are then the following ones [19] :
where E sh and E f are the fields of the SH and the fundamental wave respectively, ns f and ns sh are the LiNbO 3 substrate indexes for the SH and the fundamental wave respectively, used here as reference indexes [19] , k 0 = 2π/λ f is the free space number at the fundamental frequency. Finally, ∆k = 2(k sh −k f ) is the phase mismatch between the fundamental and the SH. The refractive indexes of the PSW are n sh (x, z) and n f (x, z) for the SH and the fundamental wave respectively. They are periodic in z in the waveguide core with period Λ P SW . Moreover, the second order nonlinear susceptibility of the material χ
is periodic with a period Λ QP M .
Equations (2) can be solved using a Non Linear Beam Propagation Method (NL-BPM) using a Leap-Frog scheme [20, 21] which allows to introduce second order nonlinear effects. These equations provide mode field amplitudes and transversal field shape evolution along the longitudinal direction. If one is concerned only with amplitude coefficients, but not in the computation of the transversal field shape, a simpler and faster one dimensional model can be considered. The basic coupling equations reduce then to the following ones:
These equations can be solved using a Runge Kutta 4th order solver (RK4) [22] which is faster to run. In this unidimensional model, propagation losses have been introduced using the coefficients α f and α sh which take into account the losses associated with the fundamental and the SH signals respectively.
In the following, physical parameters of classical periodically poled LiNbO 3 PSW's are used in the numerical simulations: λ f = 1.6 µm, λ sh = 0.8 µm, n f = 2.13595, n sh = 2.17536, Λ P SW = 10 µm, Λ QP M = 18.8657 µm, the waveguide width is d = 2 µm and the index difference between the substrate and the guiding segments ∆n = 0.02. The index profile distribution in the waveguide is assumed "step-like", as this is a good approximation of what results using the proton exchange technique [23] to fabricate waveguides in LiNbO 3 . With these parameters, a preliminary calculation of the propagation losses in the linear PSW shows that the fundamental and the SH wave attenuation coefficients result to be α f = 0.08 cm −1 and α sh = 3.72 cm −1 respectively.
If one includes second order non linear effects in the calculations, the power evolution along a 4 mm waveguide length computed with the NL-BPM and RK4 methods for the fundamental and the SH wave in the case of 31 mW/µm input power turns out to be that reported in figure 3 -a. For such a waveguide length, the input power does not cause an efficient SH wavelength generation and the input power for the fundamental does nor vary significantly, except a small attenuation due to intrinsic waveguide losses and some wavelength conversion to the SH. Plots reported in the figure show also that there is a good agreement between the results obtained using the two different approaches.
If the input power is increased, the conversion efficiency to SH is expected to improve and, then, also losses at the fundamental wavelength should rise accordingly, thus reducing the corresponding output power. This happens, as it is shown in figure 3 -b, which reports results calculated when the injected power is equal to 4 W/µm. Agreement between the results of the two methods is still good, though there is a slight discrepancy between the curves after 1000 µm propagation length. However these differences, which are probably due to the intrinsic differences between the two approaches, do not seem dramatic in this context. We are, in fact, just trying to show the existence of an effect (which is confirmed by both approaches) and not designing a real device. Moreover, as previously mentioned, 2D modelling alone cannot be used for the device design, but only to find the starting set of parameters to be used in the final 3D optimization. Fig. 3 . Power evolution in the fundamental and SH wave for a low (a) and a high (b) input power injected in the waveguide [24] .
Finally, figures 4-a and 4-b report the results corresponding to fundamental and SH mode transversal field intensity distributions in the waveguide in the case of an high input power. One can note that for a high input power, while the intensity associated with the fundamental wavelength decreases due to wavelength conversion process, the SH intensity increases with the propagation but it is attenuated at the same time because of the propagation losses for this wavelength. These plots also highlight the cause of this high attenuation, which is related to the strong light coupling into radiation modes of the waveguide.
An overall view of the device behavior as optical limiter can be obtained considering the device input-output characteristics in terms of field intensities at the fundamental and the second harmonic frequencies. For the device considered so far, by solving equations (3), the plots presented in figure 5 are obtained: the limiting effect is evident, as the transmission curve is not linear. The intensity plots shown so far have been determined using a set of geometrical parameters for the PSW and the periodic poling. Optimization of the device to obtain the desired features in terms of conversion efficiency and SH loss must be done by a proper choice of the waveguide parameters. For example, a reduction of the device length or a reduction of losses at the SH will increase the transmitted power. Furthermore a change of the PSW characteristics will change also the attenuation coefficient of the SH signal and so on. So, to fully include all the propagation effects, including radiation losses, 2D modelling can be considered only the preliminary stage of a full 3D device design. But, as mentioned before, here we want only to demonstrate the feasibility of the newly conceived device. Despite these limitations, however, 2D modelling allows also to show a further interesting feature of this device. It can also be observed, in fact, that some tuning of the device characteristics is possible even after its fabrication. This may be useful, for example, to reduce the effect of fabrication tolerances or for fine tuning of the device. A further degree of freedom is given by the possibility of changing the output power level varying the phase mismatch ∆k. Figure 6 reports results concerning the transmitted output power of the previous waveguide for a given input power of 1.5 Wµm as a function of the detuning ∆kL. Results show that power management is possible if an adjustment of the phase mismatch is realized. The ∆kL required for an efficient power tuning is very narrow and easily adjustable with the temperature or with an electro-optical system in materials like LiNbO 3 . For example a ∆kL = 2.5 changes the output power from 0.25 W/µm to 0.75 W/µm, which corresponds to a temperature variation of 15 K
• at room temperature in LiNbO 3 .
Conclusions
In this paper, a new optical limiter structure is proposed. It is based on second order non linear effects in periodically segmented waveguides fabricated in a periodically poled Lithium Niobate substrate. The linear Periodically Segmented Waveguides is designed in such a way that it is almost transparent for the fundamental wavelength and dissipative for its Second Harmonic. Second order non linear effects, related to the periodic poling of the substrate, guarantee an efficient phase matching condition between the input signal wavelength and the Second Harmonic one. Optical limiting characteristics depend on the conversion efficiency between the fields propagating at the almost lossless fundamental wavelength and the lossy Second Harmonic, which varies according to the input signal power. Preliminary 1D and 2D numerical analysis has been performed and results confirm that the proposed device can be used as a versatile optical power management tool in the guided optics domain. From a technological point of view, no major difficulty seems to exist as the device is based on a well known and widely used technologies which, moreover, guarantee easy integration of this component in more complex integrated optical circuits.
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